Leptogenesis in $\Delta(27)$ with a Universal Texture Zero by Björkeroth, Fredrik et al.
IFIC/19-21, FTUV-19-0416
Leptogenesis in ∆(27) with a Universal Texture Zero
Fredrik Björkeroth?1, Ivo de Medeiros Varzielas†2, M.L. López-Ibáñez‡3, Aurora Melis‡4,
Óscar Vives‡5
? INFN, Laboratori Nazionali di Frascati, C.P. 13, 100044 Frascati, Italy
† CFTP, Departamento de Física, Instituto Superior Técnico, Universidade de Lisboa,
Avenida Rovisco Pais 1, 1049 Lisboa, Portugal
‡ Departament de Física Tèorica, Universitat de València & IFIC, Universitat de València & CSIC,
Dr. Moliner 50, E-46100 Burjassot (València), Spain
Abstract
We investigate the possibility of viable leptogenesis in an appealing ∆(27) model with a uni-
versal texture zero in the (1,1) entry. The model accommodates the mass spectrum, mixing
and CP phases for both quarks and leptons and allows for grand unification. Flavoured
Boltzmann equations for the lepton asymmetries are solved numerically, taking into account
both N1 and N2 right-handed neutrino decays. The N1-dominated scenario is successful and
the most natural option for the model, withM1 ∈ [109, 1012] GeV, andM1/M2 ∈ [0.002, 0.1],
which constrains the parameter space of the underlying model and yields lower bounds on
the respective Yukawa couplings. Viable leptogenesis is also possible in the N2-dominated
scenario, with the asymmetry in the electron flavour protected from N1 washout by the
texture zero. However, this occurs in a region of parameter space which has a stronger mass
hierarchyM1/M2 < 0.002, andM2 relatively close toM3, which is not a natural expectation
of the ∆(27) model.
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1 Introduction
The Standard Model (SM) has been experimentally confirmed as the correct description of
Nature, with excellent precision, up to scales of O(TeV). Nevertheless we know that the SM is
not a complete theory. It includes a host of free parameters, the majority of which relate to the
Yukawa sector, into whose origin and nature the SM offers no insight. This is despite obvious
indications of internal structure, such as large mass hierarchies between generations of fermions,
and small CKM mixing. It is also unclear as to how the SM should be extended to account for
massive neutrinos and lepton mixing. The combined questions of charged fermion hierarchies
and the CKM and PMNS mixing patterns is typically referred to as the flavour puzzle. Moreover,
the SM fails to accommodate several observational facts in cosmology. It lacks dark matter and
inflaton candidates, has no explanation for dark energy, and does not account for the baryon
asymmetry of the Universe (BAU).
Among these cosmological issues, perhaps the BAU is the most distressing one. The SM is
(nearly) symmetric in particles and anti-particles; despite this, no evidence of the presence of
primordial anti-matter in our observable universe has been found so far. The BAU, that is, the
difference between the baryon nB and antibaryon nB number densities, is measured with respect
to the entropy density s to be
YB =
nB − nB
s
= (0.87± 0.01)× 10−10. (1)
Although the SM includes all the necessary ingredients to generate this BAU dynamically [1],
namely, CP violation in the CKM matrix, B violation through sphaleron interactions, and out-
of-equilibrium processes in the electroweak phase transition, the asymmetry obtained in the SM
is too small by orders of magnitude [2].
It is well-known that extending the SM by several heavy right-handed (RH) neutrinos can yield
a BAU via leptogenesis [3]. Lepton number-violating decays of the RH neutrinos, some portion
of which occur out of equilibrium, produce a lepton asymmetry. This is partially converted into
a baryon asymmetry by sphaleron interactions, which are efficient above the electroweak scale.
Heavy RH neutrinos simultaneously provide a natural answer to the smallness of left-handed
(LH) neutrino masses via the seesaw mechanism.
It is interesting to note that since RH neutrinos are SM singlets, leptogenesis links the resolution
of the BAU with their Yukawa couplings, and thus connects with the flavour puzzle. If seesaw
is indeed the origin of light neutrino masses, then qualitatively leptogenesis is unavoidable.
Whether it accurately reproduces the observed BAU becomes a quantitative question for a
given spectrum of RH neutrinos and their interactions with SM particles. Remarkably, the
original (and arguably simplest) model of leptogenesis requires a RH neutrino scale M & 109
GeV, which closely corresponds to the “natural” seesaw scale.
The flavour sector of the SM, including lepton mixing, comprises 22 (20) physical parameters,
assuming neutrinos are Majorana (Dirac) particles. A popular approach to relate these param-
eters, and reduce the effective number of degrees of freedom in the SM, is that of spontaneously
broken flavour (or family) symmetries. Non-Abelian discrete symmetries have been especially
successful, able to simultaneously describe charged lepton and neutrino parameters, and in sev-
eral cases, also the quark sector [4–12]. A very appealing ∆(27) model was introduced in [13],
consistent with an underlying SO(10) grand unified theory (GUT). The family symmetry leads
to a predictive structure with a universal texture zero (UTZ) for all fermion mass structures,
including the effective neutrinos after seesaw. The family symmetry is also responsible for con-
trolling flavour-violating processes, which are sufficiently suppressed for certain regions of the
model parameter space, as shown in [14]. A complete model ought to account for the observed
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BAU, which provides an additional constraints on its parameters. In particular, as we shall see
in this analysis, matching to the observed BAU allows us to constrain the otherwise unknown
parameters of the RH neutrino sector.
The paper is organized as follows. Section 2 summarizes the main features of the model, orig-
inally presented in [13]. The seesaw implementation is described in Section 3, explaining the
existing UTZ result in an elegant new way based on rank-one matrices (described in more detail
in Appendix B). In Section 4 we write down the Boltzmann equations describing the evolution of
the neutrino and asymmetry densities; this is supplemented by Appendix A. Section 5 presents
the results and our analysis. We conclude in Section 6. Appendices B and C provide additional
insight into the model and leptogenesis within it.
2 Overview of the ∆(27) Model
In this section we review the model introduced in [13]. Given that we are interested in leptoge-
nesis, we focus on the lepton sector, where SM fermions are contained in superfields L (lepton
SU(2) doublets) and ec, N c (following conventional notation, conjugates of the RH charged lep-
tons and neutrinos, respectively). The field content and their transformation properties under
the Gf = ∆(27)× ZN flavour group are given in Table 1.
Field L ec N c Hu,d Σ S φc φb φa φ φX
∆(27) 3 3 3 1 1 1 3 3 3 3 3
ZN 0 0 0 0 2 -1 0 -1 2 0 x
Table 1: Representations of superfields under the flavour symmetry Gf = ∆(27)× ZN .
The superpotential that generates the Yukawa structures at leading order for Dirac fermions is
WY = LiecjHd
[
gec
Λ2
φicφ
j
c +
geb
Λ3
φibφ
j
bΣ +
gea
Λ3
(φiaφ
j
b + φ
i
bφ
j
a)S
]
+ LiN
c
jHu
[
gνc
Λ2
φicφ
j
c +
gνb
Λ3
φibφ
j
bΣ +
gνa
Λ3
(φiaφ
j
b + φ
i
bφ
j
a)S
]
.
(2)
where i, j = (1, 2, 3) lower (upper) indices denote the ∆(27) triplets (anti-triplets). Non-
renormalizable terms are suppressed by messenger masses, which are in general different [13];
they are denoted here by a common scale Λ, with variations in messenger masses contained in an
arbitrary coupling g for each term. The superpotential responsible for RH neutrino Majorana
masses is
WN = N ciN cj
[
gNc
Λ
φiφj +
gNb
Λ4
φibφ
j
b(φ
kφkφka) +
gNa
Λ4
(φiaφ
j
b + φ
i
bφ
j
a)(φ
kφkφkb )
]
. (3)
The φ fields are flavons that break ∆(27) and provide the structure of the mass matrices, with
the vacuum alignment
〈φc〉 = vc
00
1
 ∝ 〈φ〉 , 〈φb〉 = vb√
2
01
1
 , 〈φa〉 = va√
3
 11
−1
 . (4)
The core prediction of the model is universal complex-symmetric mass matrices with the UTZ
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in the (1,1) entry, of the form
M =
0 a aa b+ 2a b
a b c+ b− 2a
 , (5)
for some complex a, b, c. Assuming a strong hierarchy a < b < c, the eigenvalues are approxi-
mately given by |a2/b|, |b| and |c|. This applies in particular to the Dirac and Majorana mass
matrices. Up to O(1) coefficients, they yield the following hierarchies between families:
Ye,ν ∼ ye,νc
 0 3e,ν 3e,ν3e,ν 2e,ν 2e,ν
3e,ν 
2
e,ν 1
 , MN ∼Mc
 0 2N 2N2N 2N 2N
2N 
2
N 1
 , (6)
with ye,νc and Mc the dominant contributions to the third and heaviest generation. Masses and
mixing are compatible with the expansion parameters e ' 0.15 and N ∼ 3ν . In addition to
yνc , Yν depends on effective parameters yνa,b, sourced from the subleading operators in Eq. (2)
and defined explicitly in Eqs. (9)–(10) below. Due to the flavon VEVs, they correspond to a
hierarchy yνa : yνb : y
ν
c ≈ 3ν : 2ν : 1. The expansion parameter for Dirac neutrinos, ν , is not
constrained by phenomenology, but internal consistency of the model requires that it remains
perturbative, i.e. ν . 0.5. We shall see that numerically viable regions in parameter space
correspond to ν ∈ [0.05, 0.5]. Note that the large hierarchy between the first two RH neutrinos
N1,2 and the heaviest one N3 is characteristic of this kind of model [15–19], where rather different
mixing patterns in the quark and lepton sectors are obtained from the same universal Yukawa
structures, on the condition that 〈φc〉 is dominant in the quark and charged lepton sectors and
irrelevant for the neutrino mass matrix.
The structure in Eq. (5) can written precisely as
Ye,ν = y
e,ν
a (ab +ba) + y
e,ν
b b + y
e,ν
c c,
MN = Ma(ab +ba) +Mbb +Mcc,
(7)
where i = φiφTi and ij = φiφTj are rank-one matrices,
ab = (ba)T =
0 0 01 1 −1
1 1 −1
 , b =
0 0 00 1 1
0 1 1
 , c =
0 0 00 0 0
0 0 1
 . (8)
The set of parameters (ye,νa , ye,νb , y
e,ν
c ) and (Ma,Mb,Mc) in Eq. (7) are generally complex6 with
phases coming either from the VEVs or the coefficients,
ye,νa ≡ |ye,νa |eiγe,ν , ye,νb ≡ |ye,νb |eiδe,ν , ye,νc ≡ |ye,νc |,
Ma ≡ |Ma|eiγN , Mb ≡ |Mb|eiδN , Mc ≡ |Mc|.
(9)
Given that phenomenology depends only on two independent combinations of the phases, we
follow [13] in taking just δ and γ as independent phases (see also Table 2). In terms of the
fundamental parameters of the superpotential in Eqs. (2)–(3), they are
|ye,νa | =
ge,νa vavb 〈S〉√
6Λ3
, |ye,νb | =
ge,νb v
2
b 〈Σ〉
2Λ3
, |ye,νc | =
ge,νc v2c
Λ2
,
|Ma| =
gNa vav
2
bv
2
φ
2
√
3Λ4
, |Mb| =
gNb vav
2
bv
2
φ
2
√
3Λ4
, |Mc| =
gNc v
2
φ
Λ
.
(10)
6The presence of a CP symmetry can constrain them to be real, with CP being broken spontaneously e.g.
through the flavon VEVs as in [20]. We don’t consider this possibility here.
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The superfield S is a gauge singlet, while Σ is not [13] and introduces Clebsch-Gordan (CG)
coefficients, although for our purposes here it is sufficient to consider their respective VEVs 〈S〉
and 〈Σ〉 as real numbers, and absorb the different CG contributions to charged leptons and
neutrino into ge,νb . The expansion parameters of the model in Eq. (6) are recovered from the
parameters in Eq. (7) as
e,ν ∼
∣∣ye,νa /ye,νb ∣∣ ∼ ∣∣ye,νb /ye,νc ∣∣1/2 ∼ |ye,νa /ye,νc |1/3 ,
N ∼ |Ma/Mc|1/2 ∼ |Mb/Mc|1/2 .
(11)
The lepton asymmetries are obtained in the flavour basis, wherein the charged lepton Yukawa
matrix Ye and RH neutrino mass matrix MN are diagonal. They are diagonalized by unitary
matrices, such that
Yˆe = VeLYeV
†
eR,
MˆN = VNMNV
T
N ,
(12)
where hats (ˆ) denote diagonal matrices of positive eigenvalues and, Ye being complex symmetric,
we have V †eR = V
T
eL. In the flavour basis, in the LR phase convention (where the Yukawa couplings
are given by L ∼ LHdeR + LHuνR + h.c.), the neutrino Yukawa matrix is given by λν , where
λ∗ν ≡ VeLYνV TN , (13)
where the additional conjugation on λν appears due to the change from the supersymmetry basis
to the seesaw basis [21].
3 The UTZ seesaw mechanism
In this section we review the results from [13] for how the seesaw mechanism operates in the
UTZ model, understanding them through a new formulation based on rank-one matrices. As
the Dirac and Majorana matrices are expressed in terms of the same rank-one matrices, the
application of the usual seesaw formula,
mν = −v2uYνM−1N Y Tν , (14)
provides a light neutrino mass matrix mν which can be expanded in the same fashion, i.e.
mν = ma(ab +ba) +mbb +mcc, (15)
with the  matrices defined in Eq. (8). Notably, the UTZ is preserved. A detailed discus-
sion of this elegant property can be found in Appendix B. The parameters ma,b,c entangle the
combinations of Dirac and Majorana neutrino couplings as
ma = −v
2
uy
ν
a
2
Ma
, mb = ma
(
2
yνb
yνa
− Mb
Ma
)
, mc = −v
2
uy
ν
c
2
Mc
. (16)
Obtaining the correct neutrino mixing requires mc < ma < mb. In fact, if mc < ma,mb, the
light neutrino mass matrix in Eq. (15) is semi-diagonalized by a tri-bimaximal (TB) rotation (see
e.g. [22]). Moreover if ma < mb, the resulting pattern has a Gatto-Sartori-Tonin [23] structure
which can be fully diagonalized by a rotation of an angle θ in the 23 block. Consequently Eq. (15)
is compatible with a normal-ordered neutrino spectrum, with
mˆν ≡ diag (m1,m2,m3) ' diag
( |mc|
6
, 3
∣∣∣∣m2amb
∣∣∣∣ , 2|mb|) . (17)
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At leading order the full PMNS matrix is given by
UPMNS =
1√
6
 2
√
2cθ
√
2sθ
−1 √2cθ −
√
3sθ
√
3cθ +
√
2sθ
1 −√3cθ −
√
2sθ
√
2cθ −
√
3sθ
 , sθ = √m2
m3
'
√
3
2
∣∣∣∣mamb
∣∣∣∣ . (18)
In this class of model [15–19] the different mixing patterns in the quark and lepton sectors require
a large hierarchy between the first two RH neutrinos and the third, i.e. M1,2  M3. Indeed,
given the relations in Eq. (16) and the hierarchy in the Dirac sector (see Eq. (6)), i.e. yνa ∼ 3νyνc
and yνb ∼ 2νyνc , the requirement that mc < ma < mb, implies the following relations for the RH
neutrino parameters: Ma/Mb < ν and Ma/Mc < 6ν . Therefore, N3 with M3 ∼ Mc effectively
decouples after seesaw. The parameters Ma,b are given by the same operator and a moderate
hierarchy between them is obtained by the relative size of the coefficients gNa , gNb . For those
values of the Dirac neutrino expansion parameter ν preferred by the model, we thus expect a
hierarchical spectrum for the Majorana neutrino masses in which M1 < M2 M3.7
4 Leptogenesis
4.1 Boltzmann equations
The generation of a BAU through Ni-leptogenesis is a non-equilibrium process which is generally
treated by means of Boltzmann equations for the number densities of RH (s)neutrinos, YNi and
Y
N˜i
(for an Ni neutrino with mass Mi), and leptons, YLα . It is useful to consider the quantities
Y∆α = YB/3 − YLα rather than YLα , since ∆α = B/3 − Lα is conserved by sphalerons and
other SM interactions. Lα and ∆α asymmetries are related by a flavour coupling matrix A, i.e.
YLα =
∑
α′ Aαα′Y∆α . The form of A depends on which interactions are in thermal equilibrium
during leptogenesis; it is defined explicitly in Appendix A. The produced lepton asymmetries
are partially converted into a baryon asymmetry YB by the sphalerons, given in the MSSM by
YB =
10
31
∑
α
Y∆α , (19)
with Y∆α computed at a temperature T  Mi, where the densities YNi , YN˜i are effectively
zero. In the fully flavoured regime, Mi  109(1 + tan2 β) GeV, all lepton flavours are to
be treated separately, i.e. α = e, µ, τ . In the two-flavour regime, 109(1 + tan2 β) GeV 
Mi  1012(1 + tan2 β) GeV, only the interaction mediated by the τ Yukawa coupling is in
equilibrium and the asymmetries in the e and µ flavours can be treated with a combined density
Y∆eµ = Y∆e+∆µ .
In the MSSM, with hierarchical RH neutrinos only N1 and N2 participate in the leptogenesis
process and we can neglect the contribution from N3. We have three different scenarios, de-
pending on M1 and M2. Assuming first that both M1,M2  109(1 + tan2 β) GeV, the three
charged-lepton states are active in the plasma during leptogenesis and the Boltzmann equations
7This different hierarchy in the neutrino Dirac and Majorana matrices can be accommodated in the model
through different mediator masses for the Dirac, and RH Majorana mediators, respectively ΛD, ΛN . From
Eqs. (2) and (3), if vb/ΛD ' va/ΛD ' ν , requiring ΛD/ΛN ' ν leads to Ma/Mc < 6ν .
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take the form [24]
dYNi
dz
= −2D
(
YNi − Y eqNi
)
,
dY
N˜i
dz
= −2D
(
Y
N˜i
− Y eq
N˜i
)
,
dY∆α
dz
= 2εαNiD
(
YNi − Y eqNi
)
+ 2εα
N˜i
D
(
Y
N˜i
− Y eq
N˜i
)
+
KαNi
KNi
W
∑
α
Aαα′Y∆α′ ,
(20)
where z = Mi/T and Y
eq
Ni
, Y eq
N˜i
are the equilibrium densities of (s)neutrinos Ni, N˜i, respectively.
In this case, the flavour index α runs over the three lepton flavours, α = e, µ, τ , and the
asymmetries Y∆α are stored separately in the different flavours. The factors D and W govern
the decay and washout behaviour, respectively, and contain information about decays, inverse
decays, and scattering processes. [25–28]. The expressions used in our calculation are collected
in Appendix A, where we follow in particular the notation and method of [24]. The decay
factors KαNi and CP asymmetries ε
α
Ni
, arising from the interference between tree-level and loop
diagrams of the RH neutrino decay, are determined by the flavour parameters of the model, and
are explored in the next subsection.
In the case M1 < 109(1 + tan2 β) GeV < M2, only the tau Yukawa coupling is in equilibrium
during N2 decays. We thus have two lepton flavours in the process, α = τ, (e+ µ). In this first
step, two asymmetries are generated, Y∆τ and Y∆eµ , following Eq. (20). However, before the
decay of N1, the muon Yukawa coupling reaches equilibrium and Y∆eµ is projected on the e and
µ flavours, proportionally to KeN2 and K
µ
N2
, respectively. We then use these values as initial
conditions in N1 decays, using again Eq. (20) with α = e, µτ .
Finally, we can have both N1 and N2 in the two-flavour regime, 109(1+tan2 β) GeVM1,M2.
An asymmetry is generated from N2 decays in the (e + µ)2 flavour, i.e. in the combination of
e and µ that couples to N2. This combination maintains the coherence in the plasma between
a decay and a subsequent inverse decay. Then, when T ∼ M1, the couplings of N1 select a
different combination of of e and µ in the direction of the N1 Yukawa coupling, (e + µ)1. This
implies that only the component of the (e + µ)2 asymmetry in the (e + µ)1 direction can be
washed-out by N1 inverse decays, while the rest, orthogonal to (e+ µ)1, remains untouched by
N1.
Note that in all numerical calculations below, we use the instantaneous approximation to describe
the transition between the two-flavour and three-flavour regime. A more rigorous description of
the transition between two different flavoured scenarios would require the use of density matrix
equations, as noted in [28,41] and described in detail in [47].
4.2 Decay factors and CP asymmetries
The lepton asymmetry in each flavour is governed by two sets of parameters which can be
computed within a given neutrino model: the decay factors KαNi and CP asymmetries ε
α
Ni
, for
a neutrino Ni decaying into a Higgs Hu and lepton doublet Lα (or their conjugates). The
Majorana nature of the RH neutrino masses implies the decays Ni → LαHu and Ni → LαH∗u
violate lepton number by one unit (∆L = 1). The decay factors are defined as
KαNi =
Γ(Ni → LαHu) + Γ(Ni → LαH∗u)
H(Mi) , KNi =
∑
α
KαNi , (21)
7
where H(T ) is the Hubble parameter at the temperature T , and H(Mi) ' 1.66√g∗M2i /MPl.
The CP asymmetries are defined as
εαNi =
Γ(Ni → LαHu)− Γ(Ni → LαH∗u)
Γ(Ni → LαHu) + Γ(Ni → LαH∗u)
. (22)
The decay factors are dominated by the single tree-level diagram, while the CP asymmetries
arise only at one-loop level from the self-energy plus vertex diagrams. In the two-flavour regime,
KeµNi = K
e
Ni
+KµNi , with the corresponding decay asymmetry ε
eµ
Ni
= εeNi + ε
µ
Ni
.
Explicitly in terms of the neutrino Yukawa matrix in the flavour basis, λν , the decay factors are
given by
KαNi =
v2u
m∗Mi
(λ†ν)iα(λν)αi, (23)
where m∗ ' (1.58× 10−3 eV) sin2 β. For Ni decay, the relative phase between the tree diagram
and the loop diagram with an intermediate Nj will be the phase of (λ
†
νλν)ij . Then the CP-
asymmetries for the two lightest RH-neutrinos is expressed as
εαNi =
1
8pi
∑
j 6=i
Im[(λ†ν)iα(λ
†
νλν)ij(λν)αj ]
(λ†νλν)ii
g
(
M2j
M2i
)
. (24)
where g(x) is a loop function given by the sum of the vertex and the self energy contributions
[24,29]; in the MSSM,
g(x) =
√
x
[
2
1− x − log
(
1 + x
x
)]
. (25)
An exploration of the CP asymmetries and decay factors – responsible for the production and
washout of a lepton asymmetry, respectively – provides some insight into how leptogenesis
proceeds in this model. The decay factors appear in the arguments of exponential damping
terms, and a large KαNi is associated with strong washout. As it is inversely proportional to the
RH neutrino mass, in the “vanilla” picture of flavour-independent N1 leptogenesis, this yields a
lower bound on the N1 mass,M1 & 109 GeV [25]. When considering asymmetry generation from
next-to-lightest RH neutrinos (N2 leptogenesis), typically a crucial requirement is that KαN1 . 1
in some lepton flavour, to not completely wash out a previously generated asymmetry from N2
decays [27]. This depends in particular on the Yukawa structures that give λν ; N2 leptogenesis
and its compatibility with low-scale neutrino phenomenology has been studied in [30–33].
As we are considering the case in whichM1 M3 then we can also neglect the i = 3 contribution
to εαN1 . In Appendix C we show that λν (in the flavour basis) maintains the hierarchical structure
suggested by the model, and a rough estimate for the leptogenesis parameters gives
KαN1 ∼
∣∣∣∣MbMcM2a
∣∣∣∣ 6ν
2ν1
1
 , εαN1 ∼ 38pi
∣∣∣∣MaMb
∣∣∣∣2 4ν
2ν1
1
 ,
KαN2 ∼
∣∣∣∣McMb
∣∣∣∣ 4ν
2ν1
1
 , εαN2 ∼ 38pi
∣∣∣∣MbMc
∣∣∣∣
4ν2ν
1
+ 1
4pi
∣∣∣∣MaMb
∣∣∣∣2 6ν
2ν1
1
 .
(26)
From this we can make some a priori considerations: (i) due to the UTZ in the electron coupling
to N1, lepton asymmetries from N1 decays are dominated by the µ and τ flavours, while εeN1 is
generally too small to contribute significantly to asymmetry production, (ii) we similarly expect
a strong washout in the µ and τ flavours for both N1 and N2 leptogenesis, and comparatively
weak washout for the electron, and (iii) despite the large hierarchy between Mb and Mc, the εαN2
are typically dominated by the first term, which generates non-negligible asymmetry only if Mb
and Mc are not too separated.
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5 Analysis and results
5.1 Numerical results
In this section we present the numerical solutions to the fully flavoured Boltzmann equations
in the MSSM as given in Section 4, following a similar procedure to the one already adopted
in [34]. The analysis has been performed under the assumption that the spectrum of the heavy
neutrinos in the model is hierarchical, M1 < M2 M3. Within this framework,
• a possible asymmetry generated by the heaviest RH neutrino N3 is always washed out and
assumed to be negligible,
• the generation of the asymmetry and the washout from decays and inverse decays of the
N1 neutrinos starts only after the end of the analogous processes from the N2. The two
lightest RH neutrinos do not interfere with each other, such that the generation of the
asymmetry from N1 decays and from N2 decays proceed independently.
Consequently, the Boltzmann equations in Eq. (20) are solved twice for each point in the model
parameter space. In the first step, we solve for Y∆α arising from Ni=2 decays, assuming thermal
initial conditions (zero neutrino and asymmetry densities). The solutions for Y∆α are then used
as initial conditions for the Ni=1 calculation. The final asymmetry is obtained from the sum
over Y∆α after N1 leptogenesis.
The input parameters are comprised of those not already fixed by the fit to low-scale neutrino
phenomenology. In particular, we use the fit to quark and lepton masses and mixing for our
flavour model performed in [13], with relevant best fit values for the lepton sector given in
Table 2. We fix tanβ = 10 in this analysis. Note also that, as the model does not determine the
absolute mass scale for fermions, the fit only provides estimates for the parameters in Eq. (9) up
to an overall scale, which is set by the third generation, i.e. by Mc and y
e,ν
c . With tanβ fixed,
we can infer the charged lepton scale yec , while the neutrino scales yνc and Mc remain unfixed.
Neutrinos Charged leptons
ma/meV 8.95 yea 3.01× 10−4
mb/meV 24.6 yeb 3.90× 10−3
mc/meV 2.26 yec 7.16× 10−2
γm 2.51 γe 0.13
δm 1.26 δe −1.31
Table 2: Fitted values for the low-scale model parameters, extracted from the com-
putation in [13].
The fit fixes the values of the neutrino mass parameters ma,b,c and charged lepton parameters
yea,b,c. The seesaw relation in Eq. (16) entangles the three Dirac and three Majorana neutrino
couplings (yνa,b,c and Ma,b,c, respectively), constrained only by the three fitted values of ma,b,c,
leaving three (real) free parameters which enter into the leptogenesis analysis. The phases of
the couplings are similarly related: Yν and MN each contain two independent phases (γν , δν and
γN , δN , respectively); combinations of these yield the two fitted independent phases of mν .
For this analysis, we choose the sets Ma,b,c and γN , δN as the inputs, scanning over the ranges
|Ma,b| ∈ [107, 1014] GeV with fixed |Mc| = 5× 1014 GeV, and γN , δN ∈ [−pi, pi]. For each point,
we solve the N1 and N2 Boltzmann equations for z ∈ [0,∞]. We stress that, as the parameters
of Y e and mν are fixed by the fit, each point automatically satisfies current experimental bounds
on lepton masses and mixing. The results are shown in Figures 1 and 2.
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Figure 1: Allowed values of RH neutrino eigenvalues M1,2 giving YB within 20% of
the observed value. TheN3 mass is fixed to beM3 = 5×1014 GeV. Red points assume
the only contributions are from N1 decays, while blue points take into account both
N1 and N2 decays.
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Figure 2: Allowed values of RH input mass parameters Ma,b, Dirac neutrino cou-
plings yνa,b, and RH neutrino masses M1,2 giving YB within 20% of the observed
value. The colours correspond to those Figure 1.
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Figure 1 shows the regions that reproduce the experimental value of YB to within 20%, in
terms of the RH neutrino mass eigenvalues M1,2, with M3 ' 5 × 1014 GeV. In Figure 1a we
see the successful leptogenesis regions taking into account only N1 decays, while in Figure 1b
we consider both N1 and N2 decays. The comparison between plots allows us to conclude
that, over most of the parameter space of the model, the BAU is consistent with leptogenesis
proceeding entirely from N1 decays, assuming thermal initial conditions. In other words, the
asymmetries generated by N2 decays are efficiently washed out in all flavours. In the N1 case,
the dominant contributions to the viable regions are from the µ and τ asymmetries, while the
electron asymmetry is completely negligible. This agrees well with the expectations from the
analytical approximations in Section 4. Nevertheless, in Figure 1b we find a small region where
the N2 contribution to the BAU dominates. We can see that this scenario requires a small
splitting between the heavy RH neutrinos, M2/M3 & 0.1. The N2 case is discussed further in
Section 5.2, where we show that this region of parameter space is not natural in the UTZ model.
Figure 2a displays the regions corresponding to YB within 20% of the observed value, in terms of
the RH neutrino mass parameters Ma,b, with Mc = 5×1014 GeV. Most of the points correspond
to N1 leptogenesis (red points) with Ma/Mb ∈ [0.05, 1]. Figure 2b shows the corresponding
regions in terms of the neutrino Dirac couplings yνa,b, and the expansion parameter ν = y
ν
a/y
ν
b .
In N1-dominated leptogenesis, we have yνa ∈ [0.003, 0.03], yνb ∈ [0.008, 0.5] and ν ∈ [0.05, 1].
Recalling thatM1 ∼M2a/Mb andM2 ∼Mb, the eigenvaluesM1,2 display a bigger hierarchy when
compared to Ma,b and these points satisfy M1/M2 ∈ [0.002, 0.1]. Therefore, we conclude that
the correct BAU is found for RH neutrino masses above M1 & 4× 109 GeV and M2 & 2× 1011
GeV. In this regime it is relevant to discuss the issues related to the potential overproduction of
gravitinos [35]. There are several ways around it [36, 37], one of which is to keep the reheating
temperature low and to produce the RH neutrinos non-thermally (e.g. produced in decays of
the inflaton). Nonetheless, even for thermal production scenarios, if the gravitino is unstable
with mass m3/2 & 10 TeV, these relatively high reheating temperatures around 109 or 1010 GeV
remain borderline viable.
Finally, it is interesting to analyse the restrictions that a requirement of successful leptogenesis
set on the flavour model. As we have seen in Figures 1 and 2, the best possibility, if we demand
a relatively low reheating temperature, would correspond to RH eigenvalues M1 ' 4× 109 GeV
and M2 ' 2 × 1011 GeV, with M3 ≥ 1014 GeV. In terms of the model parameters these points
correspond roughly to Ma ' 3 × 1010 GeV, Mb ' 1011 GeV, yνa ' 0.003 and yνb ' 0.009.
We emphasize again that independent information on the neutrino Yukawa couplings and RH
neutrino masses is not available from oscillation experiments, but when the BAU is accounted
for we can obtain several unknown parameters. With the above values we obtain the expansion
parameter ν ' 0.3. The heaviest RH neutrino is thenMc×gνb /gνc ' 2
√
3Mb/
6
ν ' 5×1014 GeV.
However, these restrictions depend strongly on the details of the flavour model and may change
with small variations [14]. If supersymmetry is found in the neighbourhood of the electroweak
scale, we would obtain additional information on the flavour symmetry that could help restrict
these possibilities [14,38–40].
5.2 N2 leptogenesis and comparison with other models
As we have seen in the comparison of Figures 1a and 1b, there is a small region where the
BAU is generated mainly by N2 leptogenesis. This region corresponds to M1 ≤ 0.002M2, with
M2 ≥ 1013 GeV and M3 = 5 × 1014 GeV. These points correspond to relationships between
model parameters, Ma < 0.002Mb and 0.01 < ν < 0.1.
Here, the mechanism of asymmetry generation and washout is slightly more involved [28,41–43].
At temperatures T ∼M2 ∼ 1013 GeV, a comparatively large asymmetry is generated in each of
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the two active lepton flavours α = (eµ), τ from N2 decays. These serve as initial conditions of the
subsequent N1 system, which occurs at much lower temperatures T ∼M1 ∼ 109 GeV. This lies
in the fully flavoured regime, wherein the active flavours are α = e, µ, τ . The asymmetry Y∆eµ ,
initially generated in the combined eµ flavour, is split into the e and µ flavours proportionally
to KeN2 ∝ |λe2|2 and K
µ
N2
∝ |λµ2|2, respectively [28, 42, 43].8 Assuming the number density
of e and µ asymmetries are equal at the moment where µ couplings reach equilibrium, the
initial conditions for the N1 decays are thus Y∆e ' x2Y∆eµ and Y∆µ ' (1 − x2)Y∆eµ , where
x = |yνa/yνb −Ma/Mb|.
As the CP asymmetries εαN1 are sensitive to the ratio M1/M2  1, no significant additional
contribution to the BAU is generated by N1 decays in this regime. However, if a large asymmetry
is generated byN2 decays, even a small portion stored in the electron flavour can survive washout
and reproduce the observed asymmetry. To understand this, we make two observations: 1) the
decay factors KαN1 are approximately proportional to 1/M1, and 2) in each lepton flavour, they
go like (KeN1 ,K
µ
N1
,KτN1) ∼ (2ν , 1, 1). In other words, the flavour structure of the model implies
the washout in the electron flavour is generally weaker than other flavours. Indeed, we observe
that the Y∆µ and Y∆τ asymmetries are efficiently washed out, while some portion of Y∆e remains.
So, as we can see, N2 leptogenesis is possible (in part) due to the texture zero, which is enforced
by symmetry. However, from the perspective of the UTZ model based on ∆(27), described above,
this N2-dominated scenario is not “natural”, while N1 leptogenesis is still viable and natural in
large parts of the parameter space. This unnaturalness is a direct consequence of the structure
of the neutrino matrices (see Eq. (7)) and can be understood by looking at Eqs. (16)–(18). Using
Eq. (18) with the measured value for sin θ13 ' 0.15, we obtain
2
yνb
yνa
− Mb
Ma
' 8.2 (27)
Barring accidental cancellations, this expression fixes |M2/M1| = |M2b /M2a | ≈ 8. As a conse-
quence, the structure of Yukawa matrices enhances the leptogenesis effects from N1, proportional
to M1/M2, and suppresses N2 effects, proportional to M2/M3 (see Eq. (26)).
N2 leptogenesis can be important in situations where M2/M1  1, as seen in Figure 1, but this
requires a strong cancellation of several orders of magnitude in Eq. (27). Moreover, the structure
of the neutrino Yukawa matrices in the UTZ model is not hierarchical in this region, as we have
0.1 ≤ yνb . 1 while yνc ' 0.1. These values are not natural to the UTZ model, where most of the
flavon VEVs are required to be much smaller than 1. In conclusion, N2 leptogenesis is possible,
but disfavoured.
This can be compared with the situation in typical SO(10) models [32,44,45] and, in general, in
models of sequential dominance (SD) [34]. In these models, the three LH neutrino mass scales
are each determined independently by a single RH neutrino. Schematically, SD in the limit of
M1 < M2 M3 gives
m1 ∝ y
ν
3
2v2u
M3
, m2 ∝ y
ν
1
2v2u
M1
, m3 ∝ y
ν
2
2v2u
M2
, (28)
with a strong hierarchy of m1 < m2 < m3, and where yν3 ∝ mt, yν2 ∝ mc and yν1 ∝ mu (and thus
yνa < y
ν
b < y
ν
c ). Models with special flavon directions like the so-called Constrained Sequential
Dominance 3 alignment [34] have simply sin θ13 ' m1/(m1 + m2), which does not constrain
8In principle, we should also include the so-called phantom terms [43]. However, for δ = e, µ and using
pδ =
(
εδN2 − ε(e+µ)N2 KδN2/K
(e+µ)
N2
)
N inN2 , it is straightforward to check from Eq. (26) that, even assuming an ini-
tial N2 abundance N inN2 , these terms are always subdominant in our scenario, at least by 
2
ν , with respect to

(e+µ)
N2
KδN2/K
(e+µ)
N2
. They can therefore be safely neglected in the model considered.
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the ratio M2/M1. The only constraint on RH neutrino masses comes from Eq. (28). Setting
m1 = msol and m2 = matm implies M2 ' 1011 GeV and M2/M1 ' m2c/(6m2u) ' 5× 104. Under
these conditions N1 contributions to the BAU are far too small, but N2 can still successfully
contribute, as shown explicitly in [46–48].
Unlike this traditional case for N2 leptogenesis, which is typically aimed at resolving the problem
of having a lightest neutrino with too small a mass (M1  109 GeV), in our case even the N2
region requires M1 & 109 GeV, to avoid too-large washout. In some sense, separate to the above
discussion on naturalness, some balancing is also required to ensure the initial N2 asymmetry,
which may be one or two orders of magnitude larger than anticipated by the observed BAU, is
washed out just the right amount by N1 interactions to yield the correct value of YB.
In the UTZ model we can also compare ratios between the yνa,b,c presented here and ratios of their
respective counterparts from the up quark sector, which have yua/yub ∼ 0.05, yub /yuc ∼ 0.052 [13],
in accordance with an expansion parameter εu ∼ 0.05. By contrast, the hierarchy between yνa
and yνb is only up to one order of magnitude.
In the numerical analysis above, the parameters tanβ and Mc ∼ M3 are kept fixed. The main
impact of tanβ is only to define the boundary between the two- and three-flavor regimes. Given
that the model favours large tanβ values, we have taken a moderately large value of tanβ = 10,
for which N2 leptogenesis takes place in the two-flavour regime, N1 leptogenesis takes place in
the three-flavour regime, and a sizable asymmetry in the electron flavour survives. Although the
results would be qualitatively similar for larger tanβ values, for tanβ < 10 the entire asymmetry
production occurs in the two-flavoured regime and, due to the alignment of N1 and N2 Yukawa
couplings in the e − µ plane, it is more difficult to obtain a sufficient asymmetry. Ideally, a
more natural realization of N2 leptogenesis would be achieved in the fully three flavoured regime
M1,M2 ≤ 109(1 + tanβ2) GeV, but this situation can not be realized while simultaneously
maintaining the required hierarchy M1 < M2. Regarding Mc, the scenario in which the N2
production dominates is where the ratio M2/M3 is large, M2/M3 & 0.1. We have considered a
value for Mc consistent with the model and which illustrates the relevant leptogenesis features.
Another choice will see the viable N2-leptogenesis region shifted up- or downwards in the mass
M2 in order to maintain this large ratio.
6 Conclusions
We have studied the generation of the baryon asymmetry of the Universe through leptogenesis in
the Universal Texture Zero SO(10)×∆(27)×ZN flavoured GUT model [13]. Here, leptogenesis
yields the observed BAU for a considerable region of the parameter space. When expressed in
terms of the RH neutrino masses M1 and M2, which are functions of the model parameters Ma
and Mb. The viable ranges for the mass of the lightest RH neutrino eigenstate have a lower
bound of M1 & 4 × 109 GeV, which is still barely compatible with a gravitino mass m3/2 & 10
TeV, provided the gravitino is unstable [35].
We specifically considered the effect of N2 leptogenesis, which we conclude to be disfavored:
although there exists a region of parameter space where N2 leptogenesis provides the dominant
contribution to the final asymmetry, this corresponds to a scenario with both a very strong
hierarchy between the two lightest RH neutrinos, i.e. M1  M2, and comparatively small
hierarchy between M2 and M3. This is not a natural expectation in the model, which predicts a
strong hierarchy between the heaviest neutrino and the two lighter ones, i.e. M1 < M2  M3.
Lepton asymmetries generated by decays of the heaviest neutrinoN3 are therefore also negligible.
The preferred mechanism is thus N1 leptogenesis. The requirement that it accounts for the
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entire baryon asymmetry allows us to restrict the parameters governing the neutrino Yukawa
matrix and RH neutrino mass matrix. These are otherwise only partially constrained by the
observed neutrino masses and mixing, namely those combinations of parameters which appear
in the neutrino matrix after seesaw. We find that viable N1 leptogenesis requires M1 & 4× 109
GeV, with M2 & 2 × 1011 GeV, while 0.002 . M1/M2 . 0.1. By consistency with low energy
observables, we can similarly constrain the neutrino Yukawa couplings, which are bounded from
below, yνa & 0.003, yνb & 0.008.
In conclusion, flavoured leptogenesis is viable for the UTZ model in the standard N1 regime.
Through this we are able to place further constraints on the parameter space of the UTZ model,
leading to direct constraints on the scale of the parameters Ma, Mb governing the RH neutrino
masses. Given that in the model the active neutrino masses originate from type-I seesaw leading
to normal ordering with a strong hierarchy, the leptogenesis constraint on Ma, Mb can then be
combined with the observed mass-squared differences to indirectly constrain the Dirac neutrino
couplings yνa , yνb . These constraints are complementary to those provided by the study of flavour-
changing processes [14] in the UTZ model.
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A Boltzmann equations
Recall that the baryon asymmetry YB can be expressed as
YB =
10
31
∑
α
Y∆α , (29)
where Y∆α are the B/3−Lα asymmetries for each active lepton species α. In the fully-flavoured
scenario, these are simply the usual three lepton flavours, α = e, µ, τ . Assuming hierarchical
RH neutrinos and thermal leptogenesis, the lepton asymmetries are obtained by solving the
Boltzmann equations
dYNi
dz
= −2D
(
YNi − Y eqNi
)
,
dY
N˜i
dz
= −2D
(
Y
N˜i
− Y eq
N˜i
)
,
dY∆α
dz
= 2εαNiD
(
YNi − Y eqNi
)
+ 2εα
N˜i
D
(
Y
N˜i
− Y eq
N˜i
)
+
KαNi
KNi
W
∑
α′
Aαα′Y∆α′ ,
(30)
where z = Mi/T . As noted in Section 4, the factors D and W govern the decay and washout
behaviour. In this appendix we make these explicit, noting how information about decays and
scattering are incorporated. In particular, we follow [24].
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The equilibrium number density for a given field f is denoted Y eqf , and are functions of z. The
RH (s)neutrino densities are given by
Y eqNi = Y
eq
N˜i
=
45
2pi4g∗
z2K2(z), (31)
where g∗ = 228.75 is the effective number of degrees of freedom in the MSSM and K2(z) the
modified Bessel functions of the second kind. The (s)lepton distributions are given by
Y eqα = Y
eq
α˜ =
45
pi4g∗
. (32)
We now turn to the decay and washout factors, D and W . There are three classes of processes
that contribute to the Boltzmann equations: (1) decays and inverse decays (N ↔ LαHu),
(2) ∆L = 1 scatterings (e.g. NQ ↔ Lαt) and (3) ∆L = 2 processes (LαLα ↔ HuHu,
LαHu ↔ LαHu). Following [27] and [24], in this analysis we include ∆L = 1 scatterings
involving neutrino and top Yukawa couplings, neglecting gauge boson-mediated processes, as
well as thermal corrections, and all ∆L = 2 processes. Then
D = zKNif1(z)
K1(z)
K2(z) , W =
z
2
KNif2(z)
K1(z)
K2(z)
Y eqNi + Y
eq
N˜i
Y eqα + Y
eq
α˜
. (33)
The effects of ∆L = 1 scatterings are encapsulated in the functions f1(z) and f2(z). These are
discussed in [27] and [24], and we may approximate them by
f1(z) ' f2(z) ' z
a
[
log
(
1 +
a
z
)
+
1
a log(Mi/Mh)z
](
1 +
15
8z
)
, a =
4pi2gNiv
2
u
9m2t log(Mi/Mh)
, (34)
where Mh = 125 GeV is the Higgs mass, mt ' 93 GeV is the top mass (at the GUT scale,
which is a reasonable approximation of the value at the leptogenesis scale for our purposes) and
gNi = 2.
A is a numerical matrix describing flavour mixing, and is given in the nF -flavour regime by
A =

−93/110 6/55 6/553/40 −19/30 1/30
3/40 1/30 −19/30
 , nF = 3(−541/761 152/761
46/761 −494/761
)
, nF = 2
−1, nF = 1
. (35)
While the ratio of Bessel functions, K1(z)/K2(z), is in principle well-behaved for all positive z,
for computational efficiency and stability it may be convenient to use the approximations
K1(z) ≈
(
1 +
15
8z
)−1
K2(z) ≈ 1
z
√
1 +
pi
2
ze−z. (36)
As described in Section 4, the decay factors are given by
KαNi =
v2u
m∗Mi
(λ†ν)iα(λν)αi, KNi =
∑
α
KαNi , (37)
and the CP asymmetries by
εαNi = ε
α
N˜i
=
1
8pi
∑
j 6=i
Im[(λ†ν)iα(λ
†
νλν)ij(λ
T
ν )jα]
(λ†νλν)ii
g
(
M2j
M2i
)
. (38)
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where g(x) is a loop function given by the sum of the vertex and the self energy contributions
[24,29]; in the MSSM,
g(x) =
√
x
[
2
1− x − log
(
1 + x
x
)]
. (39)
In the limit of very hierarchical RH neutrino masses, i.e. x 1 or x 1, to good approximation,
g(x) =
 −
3√
x
, x 1
2
√
x (1 + log
√
x) , x 1
. (40)
B Seesaw with rank-one matrices
We consider here a more intuitive explanation of the texture zero remaining after seesaw, fol-
lowing the method employed for the model in [20], and presented in [34].
The Dirac and Majorana matrices are given in terms of four rank-1 matrices, expressed in terms
of the VEV alignments of flavons φa,b,c, where
φa ∝ (1, 1,−1), φb ∝ (0, 1, 1), φc ∝ (0, 0, 1). (41)
For notational simplicity, in tis appendix we use φi to refer simply to the direction of the VEV
(rather than the field or VEV itself). We have
Yν = y
ν
a(ab +ba) + yνbb + yνcc,
MN = Ma(ab +ba) +Mbb +Mcc,
(42)
where
ab = (ba)T = φaφTb , b = φbφTb , c = φcφTc . (43)
We define another set of vectors φ˜a,b,c, which are orthogonal to φa,b,c, i.e.
φ˜Ti φj = δij , i, j = a, b, c. (44)
An appropriate choice is
φ˜a ∝ (1, 0, 0), φ˜b ∝ (−1, 1, 0), φ˜c ∝ (2,−1, 1), (45)
and new rank-1 matrices ˜ij = φ˜iφ˜Tj . The inverse of the Majorana mass matrix can then be
decomposed in terms of the new matrices as
M−1N =
1
Ma
(˜ab + ˜ba)− Mb
M2a
˜a +
1
Mc
˜c. (46)
Decomposing Yν and MN as per Eqs. (42) and (46) and applying the seesaw formula, mν =
−v2uYνM−1N Y Tν , we note that, due the orthogonality of the two sets of vectors, no new matrix
structures appear. In particular, there are no mixed terms with φc, e.g. ac, nor a structure
a, either of which would spoil the texture zero in mν . The light neutrino mass matrix in fact
preserves the same structure as the other mass matrices in the model, i.e.
mν = ma(ab +ba) +mbb +mcc. (47)
The parameters of the light neutrino mass matrix, ma,mb,mc, are given in terms of yνa,b,c and
Ma,b,c by
ma = −v
2
uy
ν
a
2
Ma
, mb = ma
(
2
yνb
yνa
− Mb
Ma
)
, mc = −v
2
uy
ν
c
2
Mc
. (48)
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The above discussion holds true also when the first higher-order terms are introduced. These
are given by the superpotential
δWY = Lν,iNjHu
[
gνd
Λ4
(φibφ
j
c + φ
i
cφ
j
b)S
2
]
+ Lν,iNjHu
[
gνe
Λ4
(φiaφ
j
c + φ
i
cφ
j
a)S
2
]
, (49)
and modify Eq. (42) by
δYν = y
ν
d(bc +cb) + yνe (ac +ca), (50)
which preserves the texture zero. After seesaw, the main effect of these terms can be absorbed
into two additional parameters md and me and in corrections to the relations in Eq. (48). Note
that the term dependent on yνe gives rise to a a structure in mν , which spoils the texture zero,
but appears only strongly suppressed by a factor (yνe )2/Mc.
C Analytic expression for the leptogenesis parameters
In this appendix we give the analytic expression for λν , i.e. for the Dirac neutrino matrix in
the basis where Ye and MN are diagonal, as well as for the decay factors KαNi and the CP
asymmetries εαNi entering in our numerical calculation.
The Yukawa and Majorana mass matrices share a unified symmetric and hierarchical texture
zero,
M` =
0 a aa b+ 2a b
a b c+ b− 2a
 , ` = e, ν,N, (51)
where (a, b, c) stand for either yν,ea,b,c or Ma,b,c. Given this complex symmetric structure with the
hierarchy a < b < c, the diagonalizing matrices satisfy the relation
Mˆ` ≡ V`M`V T` ≈ diag
(|a2/b|, |b|, |c|) . (52)
They can be approximated by
V` =

1− 1
2
∣∣∣a
b
∣∣∣2 −a
b
(
1− 2a
b
)
−2a
2
bc
a∗
b∗
(
1− 2a
∗
b∗
)
1− 1
2
∣∣∣a
b
∣∣∣2 −b
c
a∗
c∗
b∗
c∗
1
P`, (53)
where P` = diag(e−i(2γ−δ+pi)/2, e−iδ/2, 1) is a matrix of phases ensuring the eigenvalues in Mˆ` are
real and positive. With a ∼ 3ν , b ∼ 2ν , and c ∼ 1, Eq. (53) is accurate (and unitary) to O(3ν),
and preserves the (1,1) texture zero to O(4ν). Expanding V` as V` = (1 + ∆V`)P`, we split λν
into two parts, one which preserves Yν (up to rephasing) and a correction term ∆λ∗ν , i.e.
λ∗ν ≡ VeYνV TN = Pe(1 + ∆Ve)Yν(1 + ∆V TN )PN = Pe(Yν + ∆λ∗ν)PN (54)
where
∆λ∗ν ' ∆VeYν + Yν∆V TN ' −

yνa
Ma
Mb
+ yνa
yea
yeb
yνb
yea
yeb
yνb
yea
yeb
yνb
Ma
Mb
O
(
yνa
Ma
Mb
)
yνc
yeb
yec
yνb
Ma
Mb
O
(
yνa
Ma
Mb
)
O
(
yνb
yeb
yec
)
 , (55)
having discarded the term ∆VeYν∆V TN . Notice that the corrections in ∆λ
∗
ν are typically of the
order of Yν except in the 22,32 and 33 elements where they are smaller. They are never larger;
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in this sense λ∗ν preserves the same hierarchy between the elements as Yν . Considering only the
first term in Eq. (54), λ∗ν ∼ PeYνPN , we can deduce for the decay factors:
KN1 ∼
v2u
m∗
∣∣∣∣yνa2MbM2a
∣∣∣∣
01
1
 , KN2 ∼ v2um∗
∣∣∣∣yνb 2Mb
∣∣∣∣

∣∣∣yνayνb ∣∣∣2
1
1
 , (56)
and for the CP asymmetries,
εN1 ∼
3
8pi
∣∣∣∣yνbMaMb
∣∣∣∣2 sin(2ω1)
01
1
 ,
εN2 ∼
3
16pi
∣∣∣∣yνcMbMc
∣∣∣∣

∣∣∣∣yνa2yνb
∣∣∣∣ sinω2
|yνb | sinω2
|yνc | sin(ω2 − δν)
+ 14pi
∣∣∣∣yνaMaMb
∣∣∣∣2 sin(2ω1)
01
1
 ,
(57)
where we have called ω1 = [γN − γν − δN + δν ] and ω2 = [δN − δν ] the leading order leptogenesis
phases entering the N1 and N2 calculations respectively. Including also the leading-order contri-
butions from ∆λ∗ν , we obtain analytic approximations for the decay factors and CP asymmetries
in terms of the input parameters of our analysis. Defining Q = |Mayνb /(Mbyνa)|, we have
KN1 '
v2u
m∗
∣∣∣∣yνa2MbM2a
∣∣∣∣ (1− 2Q cosω1 +Q2)
O
(
Ma
Mb
yea
yeb
)
1
1
 ,
εN1 '
3
4pi
∣∣∣∣yνbMaMb
∣∣∣∣2 sinω1(cosω1 −Q)1− 2Q cosω1 +Q2
O
(
Ma
Mb
yea
yeb
)
1
1
 ,
(58)
and, defining Qe = |yeayνb /(yebyνa)| and ωe1,2 = ω1,2(N → e),
KN2 '
v2u
m∗
∣∣∣∣yνb 2Mb
∣∣∣∣

∣∣∣yνayνb ∣∣∣2 (1− 2Qe cosωe1 +Q2e)
1
1
 ,
εN2 '
3
16pi
∣∣∣∣yνcMbMc
∣∣∣∣ 1
1 + 2 Re
[
yνa
yνb
]

∣∣∣∣yνa2yνb
∣∣∣∣ sinω2(1− 2Qe cosωe1 +Q2e)
|yνb | sinω2 −
∣∣∣yνc yebyec ∣∣∣ sin(ω2 + ωe2)
|yνc | sin(ω2 − δν)
 .
(59)
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